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I N V E S T I G A T I O N  OF C A T A L Y T I C  COMBUSTION OF 

I M F U R I T I E S  I N  A I R  

By Joseph Meaney and Robert L .  Novack 

SUMMARY 

X c a t a l y t i c  c o i l  consisting of p a r a L l e l  corrugated 
r ibuons of chrome1 a l t e r n a t e d  wi th  l a y e r s  of a sbes tos  
coated with p rec ious  metal c a t a l y s t ,  cons t ruc ted  to pro-  
vide s t r a igh t - th rough  channels f o r  a i r  passage, was used 
to oxidize carbon monoxide, hydrogen and methane, p re sen t  
as d i l u t e  (0.5%) impur l t i e s  i n  a i r .  

Platinum when appl ied  to t h e  a s b e s t o s  was s i g n i f i -  
c a n t l y  i n f e r i o r  t o  palladium f o r  t h e  ox ida t ion  of methane, 
t h e  most troublesome of  the gases  t e s t e d .  I n  add i t ion ,  
t h e  c a t a l y s t  opera t ing  temperature was found to decrease  
w i t h  i nc reas ing  s u r f a c e  concent ra t ion  of palladium, wi th  
l eng th  of c a t a l y s t ,  and with decreas ing  channel s i z e .  

3rom t h i s ,  a p l a n  f o r  a n  i n t e g r a t e d  a i r  p u r i f i c a t i o n  
system inc luding  hea t  exchanger and i n s u l a t i o n  was developed, 
based on a l abora to ry  t e s t e d  c a t a l y s t .  The system would 
weigh under 25 l b s  ( inc luding  power p e n a l t y  of 0.3 lbs./ 
wat t ) ,  and should remove v i r t u a l l y  a l l  of the carbon 
monoxide and hydrogen f r o m  t h e  a i r  while leav ing  a r e s i d u a l  
of no more than  250 ppm of methane. 



ABSTRACT 

INVESTIGATION OF CATALYTIC COMBUSTION OF 
IMPURITIES I N  AIR 

A s tudy was made of t h e  ca t a lyzed  combustion of 
These s t u d i e s  included l a b o r a t o r y  impur i t i e s  i n  a i r .  

t e s t s  of s e v e r a l  conf igu ra t ions  of corrugated c a t a l y s t  
support  to minimize a i r  flow r e s i s t a n c e  and optimize 
c a t a l y s t  l ength ,  two c a t a l y s t s  - plat inum and palladium, 
and t h r e e  impur i t i e s  - hydrogen, carbon monoxide, and 
methane. 

From t hese  da ta ,  a conceptual  des ign  of a c a t a l y t i c  
combustion system was der ived,  a l lowing c a l c u l a t i o n  of 
t h e  weight and power requirement of  a system of optimal 
c onf i g u r a t  i on, 

2 

1 
1 
I 
1 
I 
1 
I 
I 
1 
I 
I 
I 
1 
I 
I 
1 
I 
1 
I 



I 
8 
8 
I 
I 
I 
I 
I 
.I  
I 
I 
1 
8 
I 
I 
I 
8 
8 
1 

INTRODUCTION 

For  t h i s  study, i t  was assumed that  t h e  metabolic 
product ion of methane (CH4)  i s  5.4 grams/man-day, hydrogen 
( H,*) i s  0.45 grams/man-day, and carbon monoxide ( C O )  i s  
0.3 grams/man-day. Assuming a cabin  volume of 500 cu f t  
p e r  man i n  a spacec ra f t ,  a d a i l y  buildup of 520, 350 and 
17 ppm p e r  day respec t ive ly ,  would r e s u l t ,  i f  unchecked, 
Addi t iona l  sources  of a i r  p o l l u t a n t s  such as p l a s t i c s  and 
r egene ra t ive  chemical systems would c o n t r i b u t e  increased  
q u a n t i t i e s  of t hese  contaminants. 

Some sort of a i r  pu r i fy ing  device must be included 
i n  t h e  space module t o  maintain proper  h e a l t h  s tandards .  
Since a l l  three contaminants are  oxid izable ,  one of the  
s imples t  methods f o r  accomplishing t h e  t a s k  i s  the  passage 
of t h e  pre-heated contaminated a i r  through a c a t a l y t i c a l l y  
a c t i v e  pebble bed, followed by abso rp t ion  of the r e s u l t i n g  
C 0 2  and H 0 along w i t h  r e s p i r a t o r y  C 0 2  and H20. 

T h i s  r e p o r t  p r e s e n t s  data on the  e f f e c t i v e n e s s  of a 
new type of c a t a l y t i c  combustion u n i t  i n  removing the  above- 
mentioned gases ,  a long wi th  opera t ing  condi t ions  and weights 
f o r  a n  i n t e g r a t e d  a i r  p u r i f i c a t i o n  system employing one of 
t hese  c a t a l y s t  u n i t s .  The hear t  of the device c o n s i s t s  
of s t r i p s  of a sbes tos  coated w i t h  precious-metal  c a t a l y s t  
a l t e r n a t e d  wi th  corrugated chromel r ibbon.  The s t r i p s  a r e  
wound i n t o  t h e  form of a h e l i x  s o  t h a t  t he  corrugated metal 
a f f o r d s  s t r a igh t - th rough  channels f o r  t h e  passage of a i r  
whi le  a l s o  se rv ing  a s  a n  e l e c t r i c a l  heater (see F ig .  1). 
The advantages of t h i s  device over a convent ional  pebble 
bed a r e  f o u r :  f i r s t ,  the s t r a igh t - th rough  a i r  passages 
produce a much smaller pressure  drop ac ross  t he  c a t a l y t i c  
s t r u c t u r e ;  second, the  use of t h e  chromel ribbon as  a 
heater i n  in t ima te  contact  w i t h  t he  c a t a l y s t  i t s e l f  c u t s  
hea t  loss t o  a minimum and makes a more compact u n i t ;  
t h i r d ,  t he  device i s  small and l i g h t ;  and l a s t ,  t he  pre-  
sence of many d i f f e r e n t  oxidat ion c a t a l y s t s  i n  t h e  forms 
of oxides of chromium, n icke l ,  aluminum and s i l i c o n  along 
w i t h  t he  prec ious  metal  i tself  enhances t h e  e f f e c t i v e n e s s  
of the  device i n  destroying mixtures of d i f f e r e n t  gases ,  
s i n c e  no s i n g l e  c a t a l y t i c  m a t e r i a l  i s  b e s t  f o r  the oxida- 
t i o n  of a l l  contaminants.  

2 

The r e l a t i v e  ease  with which carbon monoxide and hydro- 
gen a r e  oxidized by t h i s  device,  when compared wi th  methane 
removal, prompts an examination of the term "proper  h e a l t h  
s tandards"  w i t h  r e spec t  t o  a l lowable methane concen t r a t ion  
i n  t he  a i r .  Th i s  becomes a f a c t o r  i n  the o v e r a l l  weight 
of t he  u n i t ,  because t h e  t o l e r a n c e  l i m i t  on methane i n  the  
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atmosphere i s  found t o  d i c t a t e  t h e  ope ra t ing  temperature  of 
t h e  c a t a l y s t ,  and t h i s  i n  t u r n  i s  d i r e c t l y  r e l a t e d  t o  t h e  
hea t  loss of t h e  system..Although carbon monoxide i s  a 
s p e c i f i c  chemical asphyxiant  and combines w i t h  hemaglobin, 
thereby excluding oxygen, medical i n d i c a t i o n s  (1) a r e  t h a t  
methane i s  a simple asphyxiant ,  producing i t s  e f f e c t s  only 
by reducing t h e  concen t r a t ion  of oxygen. Hence, a smal l  
b u t  constant  l e v e l  of methane may be t o l e r a b l e ,  whereas 
carbon monoxide must be removed t o  very low concen t r a t ions .  

I n  l i g h t  of  t hese  f a c t s ,  a system b u i l t  around a 
l a b o r a t o r y  t e s t e d  c a t a l y t i c  u n i t  has  been designed on paper,  
weighing 24.7 l b s  t o t a l  ( i nc lud ing  t h e  power pena l ty  of 
0.3 lbs/wat t )  , which w i l l  remove e s s e n t i a l l y  a l l  t h e  carbon 
monoxide and hydrogen pass ing  through it  and w i l l  a l low a 
r e s idue  of n o  more than  250 ppm (0.025% by volume) of methane 
t o  remain i n  t he  e x i t  s t ream. 

EXPERIMENTAL 

C a t a l y t i c  Co i l  D e t a i l  

Configurat ion.  - A l l  c a t a l y t i c  c o i l s  t e s t e d  i n  perform- 
ance of t h i s  c o n t r a c t  had t h e  same e x t e r i o r  dimensions 
(F ig .  1). They were 2" i n  length ,  2" i n  diameter ,  and con- 
ta ined  3/4" diameter  ceramic co res .  Ea r ly  t e s t s  were made 
on s i n g l e  c a t a l y t i c  c o i l s .  I n  l a t e r  experiments f o u r  c o i l s  
i n  s e r i e s  were used t o  ob ta in  a l a r g e r  volume of c a t a l y s t .  

There was some v a r i a t i o n  between t h e  s i n g l e  and m u l t i p l e  
c o i l s  i n  t h e i r  i n t e r n a l  s t r u c t u r e  t o  i n s u r e  a reasonably f l a t  
a x i a l  temperature p r o f i l e  f o r  t h e  s i n g l e  c o i l s .  I n  t hese ,  
5 m i l  chromel ribbon, 1/4" wide, was used  i n  s e r i e s  w i t h  5 
m i l  r ibbon, 1" wide. The narrower ribbon, which d i s s i p a t e d  
80% of t h e  power, was s i t u a t e d  a t  t he  a i r  i n l e t  end of t he  
c o i l  f o r  rap id  hea t ing  of t h e  a i r ,  which was e s s e n t i a l ,  due 
t o  t h e  sho r t  l ength  of t h e  c o i l .  Bo th  r ibbons were wound 
w i t h  t h e  a sbes tos  over t h e  e n t i r e  h e l i c a l  pa th  of t h e  c o i l ,  
S O  t h a t  a c r o s s - s c c t i o n a l  view i n  t h e  p lane  of the a x i s  of 
t h e  c o i l  would d i s c l o s e  t h e  two cor ruga ted  r ibbons of unequal 
width l y i n g  s i d e  by side on t h e  a s b e s t o s .  The chromel was 
extended s l i g h t l y  beyond t h e  f r o n t  and r e a r  edges of the 
a s b e s t o s  i n  o rde r  t o  prevent  f e a t h e r i n g  or d i s t o r t i o n  of t h e  
a sbes tos  and subsequent blocking o f f  of some of t h e  a i r  
passages.  
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Because of i t s  much g r e a t e r  length ,  i t  was not necessary 
to take t h e  above precaut ion f o r  r ap id  i n i t i a l  hea t ing  i n  
t h e  f o u r - c o i l  c a t a l y t i c  s t r u c t u r e .  Each of t he  f o u r  c o i l s  
contained two 1/4" wide 2 m i l  r ibbons and one 1/2" wide 3 
m i l  r ibbon, all e l e c t r i c a l l y  i n  se r ies ,  and w i t h  t he  1/2" 
r ibbon i n  the  middle. The h ighe r  r e s i s t a n c e  of these c o i l s  
(11 ohms each as opposed t o  2.3 ohms f o r  t he  s i n g l e  c o i l s )  
a l lzwed them t o  be r u n  d i r e c t l y  of f  a Vzriac w i t h o u t  t he  
a i d  of a t ransformer,  when t h e  tandem was connected toge the r .  

The dimensions of t h e  cor ruga t ions  on the  metal were 
va r i ed  during the  course of experimentat ion on s i n g l e  c o i l s  
to s t u d y  the  in f luence  of t h i s  parameter on the  e f f i c i e n c y  
of ox ida t ion  of t h e  gases  (see Table 1). With regard to 
t h i s  t ab le ,  cor ruga t ions  per inch  r e f e r s  to t h e  number of 
f u l l  " s i n e  waves'' which occur i n  1'' of t h e  m a t e r i a l  a f t e r  
i t  has been cor ruga ted .  It can be seen t h a t  when t h e  metal 
i s  placed between two sheets of a sbes tos ,  two channels 
a r e  formed f o r  every f u l l  s i ne  wave. The amplitude of t he  
co r ruga t ion  i s  t h e  d is tance  between ad jacen t  sheets of 
a s b e s t o s .  The number of  l aye r s  re fe rs  to t he  number of 
concen t r i c  open a r e a s  which can be counted on the  f a c e  of 
t h e  c o i l  f o r  a given cor ruga t ion .  

For t he  tandem u n i t ,  only the l a s t  or f i n e s t  co r ruga t ion  
s i z e  was employed, 

Ins t rumenta t ion .  - During s i n g l e  u n i t  experimentat ion,  
#28 chromel-alumel thermocouples were spot-welded d i r e c t l y  
to t h e  chromel r ibbon i n  order t o  monitor s u r f a c e  tempera- 
t u r e s  w i t h i n  the  c a t a l y t i c  c o i l .  Four thermocouples, two 
on the  i n l e t  o r  1/4" wide ribbon, and two on the o u t l e t  
or 1" wide r ibbon were used to es t ab l i sh  a r a d i a l  as  wel l  
a s  a t r ansve r se  temperature p r o f i l e .  Radial ly ,  for t he  
i n i t i a l  c o i l  tes ted (9.5 cor r . / in . )  a d d i t i o n a l  thermocouples 
were welded to t h e  chromel a t  t h e  t h i r d  and seventh l a y e r s  
from the  c e n t e r .  For the second c o i l  (15 co r r . / i n . ) ,  the  
thermocouples were welded a t  t he  f o u r t h  and n i n t h  l a y e r .  
For t he  l a s t  and f i n e s t  c o i l  (20 cor r . / in . )  t he  thermocouples 
were welded a t  t h e  f o u r t h  and t w e l f t h  layers.  Corresponding 
thermocouples on the  i n l e t  and o u t l e t  r ibbons were put  i n  
t h e  same s e c t o r  of the same l a y e r .  Care was taken t h a t  the 
thermocouple wires d i d  not  block t h e  a i r  passage i n  which 
t h e y  were welded, s ince  t h i s  would cause overheat ing i n  t h a t  
s e c t i o n  and a n  erroneous reading. 

Processing of c o i l s .  - Since a sbes tos  paper  con ta ins  a 
c e r t a i n  percentage of organic ma t t e r  which burns o f f  dur ing  
i n i t i a l  hea t ing ,  t he  c o i l s  were "cured" a f t e r  they  have been 
i n s e r t e d  i n t o  t h e  r e a c t o r  b y  energ iz ing  the  c o i l s  and f l u s h i n g  
away the  r e s u l t i n g  smoke with a low a i r  f l o w  lest t h i s  smoke 
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l a t e r  i n t e r f e r e  wi th  t e s t i n g .  This  cu r ing  process  t akes  
approximately 1/2 h r .  

The precious-metal  c a t a l y t i c  m a t e r i a l  i n  the form of 
a n  unfluxed suspension of powder i n  dry ing  o i l  i s  a p p l i e d  
t o  both s ides  of t h e  a s b e s t o s  paper before  t h e  s t r i p s  are  
wound i n t o  a c o i l ,  The concen t r a t ion  of metal powder can 
be cont ro l led  r a t h e r  wel l  by s t r i v i n g  f o r  a uniform degree 
of dark  co lor  on the  a sbes tos  paper .  Curing of a c o i l  
conta in ing  precious-metal  c a t a l y s t  t a k e s  somewhat longer  
than  t h a t  of a simple chromel-asbestos c o i l  i n  o rde r  t o  
d i s p e l  t h e  suspension veh ic l e  from t h e  a s b e s t o s .  Palladium 
( P d )  and platinum ( P t )  have been a p p l i e d  s e p a r a t e l y  t o  
the  asbes tos  f o r  t e s t i n g  i n  the  course of t h i s  c o n t r a c t .  

I n t e g r a t e d  Tes t ing  System 

The r eac t ion  tube i t s e l f  i s  a 2 f t  long s e c t i o n  of 
Vycor g l a s s  of approximately 2" I.D., having 75/50 b a l l  
j o i n t s  a t  e i t h e r  end (see F ig .  2 ) .  The tube i s  wrapped 
w i t h  1" magnesia i n s u l a t i o n .  Attached t o  each b a l l  j o i n t  
i s  a n  8" s e c t i o n  of Pyrex g l a s s  w i t h  a n  O-ring j o i n t  and 
a side-arm for gas or a i r  t ransmiss ion .  Through small  
ho le s  i n  1/8" t h i c k  T r a n s i t e  s h e e t s  clamped a g a i n s t  each 
O-ring, thermocouples and power l e a d s  a r e  fed t o  t h e  ca t a -  
l y t i c  u n i t ,  RTV, a s i l i c o n  rubber  s e a l a n t ,  i s  used  t o  seal  
the  wires i n  t h e  T r a n s i t e  s h e e t .  All g l a s s  j o i n t s  i n  t h e  
system are  clamped and coated w i t h  h igh  vacuum s i l i c o n e  
grease  t o  insure  a l eak - f r ee  system. Two side-arms, f i t t e d  
t o  t he  a i r s t r eam l i n e  f o r  sampling purposes,  are placed 
s u f f i c i e n t l y  f a r  from t h e  c a t a l y s t  s o  t h a t  both upstream 
and downstream sampling i s  done e s s e n t i a l l y  a t  room tempera- 
t u r e .  Gas samples a r e  drawn from the t e s t  system through 
a three-way stopcock d i r e c t l y  t o  a chromatograph by means 
of' 'a vacuum pump connected downstream from the chromato- 
graph sampling chamber. The chromatograph i s  a n  F+M Model 
7W instrument with metal sampling va lves  and a thermal 
conduct iv i ty  d e t e c t i o n  system. 

I n  a d d i t i o n  t o  t h e  p rev ious ly  mentioned thermocouples 
welded t o  t h e  chrome1 r ibbon w i t h i n  t h e  c a t a l y t i c  c o i l ,  
a ceramic j i g  wi th in  the  Vycor tube supported three  more 
thermocouples spaced r a d i a l l y  i n  t h e  a i r s t r e a m  a t  a pos i -  
t i o n  1/2" downstream from the  c a t a l y t i c  u n i t .  These 
thermocouples were p ro tec t ed  by aluminum r a d i a t i o n  s h i e  I d s  
and were mounted s o  as t o  g ive  a r ad ia l  temperature p r o f i l e  
of t he  a i r s t r eam i n s i d e  t h e  r e a c t i o n  tube .  A l l  seven 
thermocouples were connected t o  a t e rmina l  board and a 
mul t i -pos i t i on  switch,  and t h e  output  from the  switch was 
f e d  t o  a m i l l i v o l t  meter c a l i b r a t e d  t o  read temperature 
d i r e c t l y .  T r i - f l a t  flowmeters, p laced  upstream from the  
c a t a l y t i c  u n i t ,  were used t o  monitor t h e  flow of gas  
through t h e  system. 

1 
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Sampling Technique 

The system was f i rs t  brought t o  equ i l ib r ium w i t h  a 
flow of pu re  a i r ,  and then switched t o  the  impur i ty  source .  
Samples e x t r a c t e d  downstream from t h e  c a t a l y s t  were obtained 
qu ick ly  t h e r e a f t e r .  T h i s  method avoided t h e  non-equilibrium 
problem c rea t ed  by t h e  exothermic ox ida t ion  of t h e  gases  
which would g r a d u a l l y  increase  t h e  temperature of t h e  system 
a s  t h e  r e a c t i o n  progressed.  Since t h e  r a t e  of t h i s  tempera- 
t u r e  i nc rease  would be r e l a t e d  t o  t h e  concen t r a t ion  of t h e  
impur i ty  being oxidized, extension of t h e  r e s u l t s  to o t h e r  
concen t r a t ions  would not  be t r u l y  a c c u r a t e .  The r e su l t s  
presented  here  r ep resen t  t r u e  su r face  temperatures  w i t h i n  
t h e  c a t a l y t i c  c o i l s  i r r e s p e c t i v e  of impur i ty  concen t r a t ion .  

and 0.33 CFM)  c r ea t ed  d i f f e r e n t  temperature p r o f i l e s  w i th in  
t h e  s i n g l e  c o i l .  Increased f l o w  caused the  f r o n t  chrome1 
r ibbon t o  become coo le r  with r e spec t  to t h e  r e a r  one. For 
t h i s  reason, i n  p l o t t i n g  c o i l  temperature (Tc ) a g a i n s t  
percentage ox ida t ion  of the gases ,  T was fib& always 
g iven  by t h e  same thermocouple, b u t  $&her by t h e  h ighes t -  
reading thermocouple w i t h i n  t h e  c o i l  f o r  t h a t  experiment.  
Genera l ly  t h i s  was t h e  inner  thermocouple on e i t h e r  t h e  
f r o n t  or r e a r  s t r i p .  Variac adjustment u s u a l l y  kept t h e  
teBpera ture  d i f f e r e n c e  between t h e s e  two p o i n t 8  wi th in  =t 
15 C. Radial  v a r i a t i o n  was g e n e r a l l y  about 4 0  C y  b u t  t h i s  
could probably be improved by be t te r  i n s u l a t i o n .  

D i f f e r e n t  flow r a t e s  ( tes ts  were made a t  0.11, 0.22 

E x i t  a i r  temperature ( r e f e r r e d  t o  a s  T,.,) was p l o t t e d  
as a s i n g l e  po in t  v s .  p e r  cen t  gas  removal, hu t  a c t u a l l y  
was an  average of the  three  temperatures  recorded downstream 
f r o m  t h e  c a t a l y s t .  

During a l l  experimental  runs, upstream samples f irst  
were taken  to normalize the amount of impur i ty  which was 
e n t e r i n g  the  c a t a l y t i c  c o i l .  Nitrogen, ev iden t  a s  a s e p a r a t e  
peak on t h e  chromatogram, was used a s  an  i n t e r n a l  s tandard  
on a l l  runs,  i . e . ,  adjustment was made on the  magnitude of 
each impuri ty  by f i r s t  comparing i t s  p a r t i c u l a r  n i t rogen  
peak w i t h  t h e  normalized one and then inc reas ing  o r  decreas ing  
t h e  impuri ty  l e v e l  t o  match.  Such adjustments  r a r e l y  exeeded 
2%. The modified a r e a  on the  chromatogram was then  compared 
w i t h  t h a t  obtained on t h e  input  sample t o  o b t a i n  percentage 
ox ida t ion  of t he  impuri ty .  The a r e a s  under a l l  chromatogram 
curves were determined through t h e  use of a p lan imeter .  

The gas  impur i t i e s ,  C O Y  H2 and CH4, were obtained 
i n d i v i d u a l l y  premixed w i t h  a i r  i n  c y l i n d e r s  to s p e c i f i c  
concen t r a t ions  of 500 and 5000 ppm. T h i s  made mixing 
unnecessary and e l imina ted  v a r i a t i o n s  of i npu t  f r o m  run t o  
run.  
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Although it o r i g i n a l l y  was proposed t o  perform expe r i -  
ments wi th  a s t r u c t u r e  made of s i l i c o n e  ca rb ide ,  t h i s  was 
not  a v a i l a b l e  from t h e  manufacturing source and s o  t h e  
experiments could not  be done. 

RESULTS 

Evaluat ion of i n t e r n a l  parameters based on s i n g l e  c o i l  
t e s t s .  - Experiments were c a r r i e d  out on a c a t a l y t i c  c o i l  
w i t h  b a s i c  dimensions of 2'' diameter  and 2" l eng th ,  but  
w i t h  i n t e r n a l  v a r i a t i o n s  which included change of c a t a l y t i c  
ma te r i a l ,  change of c a t a l y s t  loading,  d i f f e r e n t  s i z e  of 
i n d i v i d u a l  s t r a igh t - th rough  channels,  and a i r  flow r a t e .  
The e f f e c t i v e n e s s  of t h e  var ious  c o i l s  was t e s t e d  on smal l  
percentages of CO,  CH4 and H2, b o t h  s e p a r a t e l y  and mixed. 
From the  data,  18 curves of ox ida t ion  e f f i c i e n c y  v s .  b o t h  
a i r  and c o i l  temperature are presented  i n  s e t s  of t h r e e ' s ,  
corresponding t o  t h e  t h r e e  f low r a t e s  employed (F igs .  3 A  to 
8 ~ ) .  For  easy comparison of s i m i l a r  da t a  p o i n t s ,  Tables 2 
through 7 may b e  used. I n  a d d i t i o n ,  s e v e r a l  d a t a  p o i n t s  
w i l l  be r e f e r r e d  t o  which a r e  not  otherwise recorded i n  t h e  
t e x t .  The bulk of t h e  p r e s e n t a t i o n  w i l l  be seen t o  stress 
methane oxidat ion,  s i n c e  t h i s  proved t o  be by f a r  t h e  most 
severe  tes t  f o r  t h e  c a t a l y t i c  u n i t ,  

- 

A comparison made among any s i n g l e  s e t  of f i g u r e s  
(e .g . ,  3 A ,  3B and 3 C )  on ox ida t ion  e f f i c i e n c y  shows t h a t  
t h e  a i r - t o - c o i l  temperature d i f f e r e n t i a l  decreased a s  the 
a i r  flow increased ,  T h i s  would i n d i c a t e  flow of a laminar  
type w i t h i n  t h e  c o i l ,  s i n c e  an  i n c r e a s e  i n  flow rate  would 
induce more turbulence  and t h e r e f o r e  br ing  about b e t t e r  
hea t  t r a n s f e r  t o  t h e  a i r .  Reynolds numbers c a l c u l a t e d  f o r  
t he  var ious  c o i l s ,  assuming f l o w  through round t u b e s  r a t h e r  
than the  a c t u a l  s i n e s o i d a l  p a t t e r n  presented ,  were w e l l  
w i t h i n  t h e  laminar region,  being approximately 10-30. 
Even consider ing t h e  e r r o r  introduced through t h e  geometric 
assumption made, t h e  c a l c u l a t i o n s  a r e  s o  f a r  f rom t h e  t u r b u -  
l e n t  regior! i t  i s  d i f f i c u l t  t o  be l i eve  t h a t  t h e  f l o w  can 
be o the r  than laminar.  

Fu r the r  examination of t h e  flow r a t e  f a c t o r  r e v e a l s  
the cu r ious  f a c t  t h a t  w i t h  t h e  s i n g u l a r  except ion  of t h e  
9.5 cor r . / in .  u n i t  t h e  c o i l  temperature for a s p e c i f i c  
percentage conversion remains f a i r l y  cons tan t  w i t h  r e spec t  
t o  a i r  flow, a t  l e a s t  f o r  t h e  rates t e s t e d .  (Compare flow 
da ta  w i t h i n  Tables 2, 3, 4 and 6 . )  

The da ta  c o l l e c t e d  (F igs .  3 A - 8 C )  can be used to examine 
t h e  importance of t h e  r e l a t i o n s h i p  of l eng th  t o  diameter  
f o r  a given c a t a  y s t  volume. Cons idera t ion  of flow r a t e  i n  
terms of CFM/in. of  c a t a l y s t  f r o n t a l  a r e a  enables  one t o  
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accommodate any r a t e  without a l t e r i n g  t h e  flow c h a r a c t e r i s -  
t i c s  by proper  s c a l i n g  of t h e  c a t a l y s t  diameter .  Thus, 0-1 
CFM through a 1" diameter  u n i t  would have t h e  same amount 
of tu rbulence  and con tac t  t i m e  w i th in  t h e  c a t a l y s t  a s  0.4 
CFM through a 2" diameter  system. 

For  t h e  case a t  hand, the  experimental  d a t a  on methane 
a t  0.11 CFM a l s o  a p p l i e s  t o  0.33 CFM through a u n i t  w i t h  
t h r e e  t imes the c ross - sec t iona l  a r e a  (but  t he  same l eng th )  
and t h e r e f o r e  three times the volume of t h e  experimental  
model. S imi l a r ly ,  t h e  experimental  d a t a  on methane a t  0.33 
CFM through t h e  same 2" u n i t  may be ex t r apo la t ed ,  s i n c e  i t  
i s  a f irst  o rde r  r e a c t i o n ,  to ob ta in  r e su l t s  on a 6" long 
u n i t  (see Appendices A and B )  . Therefore,  data can be com- 
pared on two c a t a l y s t s  of equal volume ca r ry ing  gas  a t  t h e  
same flow t o  determine the more advantageous r a t i o  of l eng th  
to diameter .  

From Appendix B, t h e  c o i l  temperature corresponding 
t o  a s p e c i f i c  percentage removal of methane by the  long 
narrow c a t a l y s t  would be s i g n i f i c a n t l y  lower than  t h a t  of 
t h e  s h o r t ,  l a r g e  c ross -sec t ion  u n i t ,  a l though t h e  con tac t  
times a r e  equal .  Refer r ing  to Table 8, i f  a s i n g l e  c o i l  
i s  50% e f f i c i e n t ,  three c o i l s  would be 87.5% e f f i c i e n t ,  
and i f  a s i n g l e  c o i l  i s  60% e f f i c i e n t ,  t h r e e  c o i l s  w i l l  be 
94% e f f i c i e n t .  However, the b e t t e r  h e a t  t r a n s f e r  occurr ing 
i n  t h e  f a s t e r  f lowing c o i l  when extended to 6" would undoubt- 
e d l y  br ing  the a i r  temperature t o  e q u i l i b r i u m  wi th  the c o i l  
temperature  I n  the  f i n a l  a n a l y s i s ,  power consumption by 
the u n i t  must be measured i n  terms of t he  temperature of 
t h e  a i r  leaving  the  u n i t .  

The d i f f e r e n c e  between t h e  two geometr ies  i s  shown i n  
F i g s .  3 t o  8, by comparing, f o r  example, the c o i l  tempera- 
t u r e  f o r  a 60% removal a t  0.33 CFM ( s i n c e  t h i s  would approxi- 
mate t h e  a i r  temperature f o r  a 94% removal i n  t h e  long u n i t )  
w i th  the a i r  temperature f o r  a 94% removal a t  0.11 CFM, 
us ing  c o n s i s t e n t  curves .  Where c o i l  temperatures  a r e  no t  
l i s ted  f o r  the 60% removal a t  t he  high flow r a t e ,  t h e  low 
f l o w  c o i l  temperature may be s u b s t i t u t e d  s ince ,  a s  i t  has 
a l r e a d y  been s t a t e d ,  t h e  c o i l  temperature does not  vary 
much wi th  mass f l o w ,  Judging f rom t h i s  comparison, t h e  
more e f f i c i e n t  u n i t  would seem t o  be t h e  s h o r t ,  l a r g e  
c r o s s - s e c t i o n a l  a r e a  u n i t .  

However, f o r  t h i s  p a r t i c u l a r  i n s t a l l a t i o n  where a 
hea t  exchanger would be used i n  conjunct ion  w i t h  a c a t a l y s t ,  
i t  i s  obvious t h a t  r ega rd le s s  of how s h o r t  a con tac t  t i m e  
i s  employed, t h e  a i r  temperature would e v e n t u a l l y  e s t a b l i s h  
i t s e l f  a t  t h e  c o i l  temperature through feedback by t h e  h e a t  
exchanger. Theref ore,  from t h i s  a s p e c t ,  ope ra t ing  t h e  c o i l  
a t  a s  low a temperature as i s  p o s s i b l e  w i l l  produce t h e  b e s t  
r e s u l t s .  T h i s  corresponds t o  t h e  long narrow u n i t  with the  
bet ter  hea t  t r a n s f e r .  
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The inf luence of cor ruga t ion  s i z e  w i t h i n  t h e  u n i t  may 
be seen  by comparing s imilar  flow rates and c a t a l y s t  
loadings  i n  T a b l e s  2 vs .  4 and 5 f o r  methane and i n  Tables  
6 vs .  7 for C O  removal. The improvement of c o i l  ope ra t ion  
due t o  the combination of increased  a r e a  of exposed c a t a l y s t  
( T a b l e  1) and of more in t ima te  con tac t  of a i r  w i t h  the su r -  
face  i s  qu i t e  ev iden t .  The average decrease  i n  c o i l  t e m -  
p e r a t u r e  between t h e  9.5 cor r . / in .  model and the  20 c o r r . /  
i n .  model f o r  comparable flows and percentage conversions 
i s  over 100°C. Although the  decrease  i n  channel s i z e  does 
correspond t o  a n  inc reas ing  p res su re  drop a c r o s s  t h e  u n i t ,  
t h i s  i s  r e l a t i v g l y  unimportant s i n c e  even a t  a n  a i r  tem- 
pe ra tu re  of 380 C and a flow of 0.33 CFM through t h e  f i n e s t  
corrugat ion,  t h e  p re s su re  drop was only 0.15'' of water .  

The most e f f e c t u a l  parameter of a l l ,  however, has been 
the  type and t h e  su r face  concen t r a t ion  of t h e  c a t a l y s t  i t s e l f .  
The i n i t i a l  runs made under t h i s  c o n t r a c t  were w i t h  a c a t a -  
lyst having 9.5 co r r . / i n .  and no prec ious  metal  app l i ed  t o  
t h e  a sbes tos .  The only c a t a l y t i c  e f f e c t  was der ived f r o m  
oxides of chromium and n i c k e l  p r e s e n t  i n  t h e  metal  and of 
s i l i c a  and alumina i n  t h e  a sbes tos .  N o  thermocouples were 
welded t o  the metal; however, a j i g  placed downstream from 
t h e  u n i t  d i d  r e g i s t e r  a i r  temperatures  l eav ing  the  u n i t .  
Some i n d i c a t i o n  of the  poor e f f i c i e n c y  of t h i s  u n i t  may 
be seen  i n  Table 9. The a c t i v a t i o n  energy for CO was found 
t o  be 15 Kcal/mol (Appendix A ) .  

A s imilar  c o i l  instrumented wi th  thermocouples and 
s t i l l  without prec ious  metal c a t a l y s t  was used t o  oxidize 
hydrogen and methane. Some of t hese  r e s u l t s  a l s o  appear 
i n  Table 8. Oxidation was s o  d i f f i c u l t  f o r  these gases 
t h a t  i t  was not deemed p r o f i t a b l e  t o  accumulate enough 
d a t a  t o  determine a c t i v a t i o n  e n e r g i e s .  

It was a f i r s t  o rde r  r e a c t i o n .  

The da ta  p o i n t s  i n  Table 9 can a l l  be compared w i t h  a 
s i n g l e  graph, F ig .  9, which p resen t s  t h e  oxida t ion  of H2, 
C O  and CH4 on a c o i l  of s i m i l a r  c o n s t r u c t i o n  but having t h e  
a sbes tos  sur face  coated w i t h  f ine ly -d iv ided  palladium. 
T h i s  graph br ings out no t  only t h e  v a s t l y  improved opera t ion  
of t he  u n i t  w i th  the  prec ious  metal c a t a l y s t ,  but also 
t h e  r e l a t i v e  d i f f i c u l t y  s t i l l  a s s o c i a t e d  w i t h  methane 
removal. 

P a l l a d i u m  was employed for the  bulk  of t he  experimenta-2 
t i o n ,  being used a t  a cons tan t  s u r f a c e  d e n s i t y  of 1 .2  mg/in. 
w i t h  each of t h e  t h ree  d i f f e r e n t  co r ruga t ion  s i z e s .  A s  
p r ev ious ly  s t a t e d ,  b e t t e r  r e s u l t s  were produced as corruga- 
t i o n  amplitude decreased.  Oxidation of C O  and CH4 were 
f i r s t - o r d e r  r e a c t i o n s  having a c t i v a t i o n  ene rg ie s  of 10.7 
and 15.8 Kcal/mol. With t he  9.5 co r r . / i n .  H2 ox ida t ion  
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was somewhere between f i r s t  and second order .  Its a c t i v a -  
t i o n  energy was not  pursued s ince  i t  obviously does not  
pose a major problem. 

To determine whether any i n t e r f e r e n c e  wi th  CH oxida- 
t i o n  by t h e  c a t a l y t i c  u n i t  would be encountered fr  'd m a 
simultaneous exposure t o  e i t h e r  CO or H2, each of t hese  
l a t t e r  gases  was mixed wi th  CH4 and run a t  cond i t ions  
s u f f i c i e n t l y  severe  t o  t o t a l l y  d e s t r o y  it. The r e s u l t a n t  
corresponding ox ida t ion  of CH4 was c o n s i s t e n t l y  i n  l i n e  
wi th  the expected degree of removal, proving tha t  there 
would be no i n t e r f e r i n g  e f f e c t s .  

was a p p l i e d  t o  t h e  15 cor r . / in .  u n i t  (Table 3 and F igs .  4A, 
4B and 4 C ) ,  which f g r  s i m i l a r  conversions decreased T .1 by approximately 40 C be low t h a t  necessary i n  the  l igf iefy 
p a l l a d i z e d  u n i t  ( T a b l e  4). The heav ie r  coa t ing ,  t h e r e f o r e ,  
becomes a valuable  tool i n  lowering t h e  o v e r a l l  opera t ing  
temperature of t he  u n i t .  

I n  a d d i t i o n ,  a heavier  coa t ing  of 6 mg/in.2 of palladium 

Platinum, t h e  o t h e r  precious meta l  c a t a l y s t  t e s t e g ,  
proved q u i t e  d i sappoin t ing  when app l i ed  a t  1.40 mgzin. 
( e s s e n t i a l l y  t h e  same a s  for pal ladium) and used i n  cgn- 
junc t ion  w i t h  a 12 corr . / in .  c o i l .  
and a Ta.  of 385 , i t  removed only 15% of  mbthane (5000 
ppm inpg*aj whoen opera t ing  a t  0 '82  CFM. S imi l a r ly ,  a t  a 

and a Tair of  440 , only 30% was removed. Tco-l Howher,  when hydrogen was t e s t e d  a t  thisosame flow r a t e ,  
com$ustion was complete a t  a T o..l of 190 and a Ta 
170 C ,  Therefore,  P t ,  a t  leas!? i n  t h e  form used hehe, i s  
s i g n i f i c a n t l y  i n f e r i o r  t o  Pd. The e f f e c t i v e n e s s  of the P t  
on hydrogen d i d  show that no mistake had been made i n  t h e  
a p p l i c a t i o n  of t h e  c a t a l y s t .  

A t  a Tco.l  of 540 

of 630 

of 

Scale-up of c a t a l y s t  volume. - Based on the  best  r e su l t s  
obtained on t h e  i n d i v i d u a l  c a t a l y t i c  c o i l s ,  a system corn- 
p r i s i n g  f o u r  i d e n t i c a l  2" u n i t s  i n  s e r i e s ,  each w i t h  shromel  
r ibbon a t  20 cor r . / in .  and a Pd coa t ing  of 3.5 mg/in. 
cons t ruc t ed .  The s o l i d  l i n e  i n  F ig .  10 shows the  methane 
ox ida t ion  e f f i c i e n c y  of t h i s  u n i t  as a f u n c t i o n  of a i r  
o u t l e t  temperature a t  a flow r a t e  of 0.4 SCFM. A s  would 
be expected, t h e  operat ing temperatures  of t h i s  c a t a l y s t  
a r e  f a r  below t h a t  of t h e  s i n g l e  c o i l s .  

was 

For  t h i s  u n i t  thermocouples were not  welded t o  t h e  chrome1 
i t s e l f .  Since there a r e  twelve s e p a r a t e  r ibbons wi th in  t h e  
system, such ins t rumenta t ion  would  prove t o  be a very d i f f i c u l t  
t a s k .  Another approach was taken.  For  8 s i n g l e  c o i l  w i t h  
20 cor r . / in . ,  i n  t h e  range ofo300 t o  400 C ,  t h e  d i f f e r e n t i a l  

was about 80 C wi th  t h e  2" con tac t  l eng th  
Of T c o i l  t o  T a i r  
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when t h e  f l o w  r a t e  was 0.33 CFM. With t h e  added value of 
mixing gained from a rate of 0.4 CFM the a i r  would c e r t a i n l y  
be i n  equi l ibr ium wi th  t h e  c o i l  a f t e r  8" of c o n t a c t .  There- 
f o r e ,  three thermocouples placed i n  t h e  a i r  stream a t  t h e  
c a t a l y s t  o u t l e t  were t h e  means of measuring the  system tem- 
p e r a t u r e .  

It i s  bel ieved t h a t  t h i s  system a l though comprised of  
f o u r  2" c o i l s  i n  s e r i e s  a c t u a l l y  a c t s  a s  a 6" u n i t  w i th  a 
p rehea te r  because the i n i t i a l  u n i t  was too cold  t o  be of much 
c a t a l y t i c  value.  The a i r  i s  introduced a t  room temperature 
and the  chrome1 c o i l s  w i t h i n  the  longer  u n i t  a r e  n o t  designed 
f o r  r ap id  hea t ing  of the  a i r  a s  were the  s i n g l e  c o i l s  i n  t h e  
e a r & i e r  experiments.  
350 C f rom the 8" Bni t ,  t h e  c o i l  temperature  i n  t h e  f i r g t  u n i t  
would be about 290 C and t h e  a i r  a t  t h a t  p o i n t  about 80 lower. 

So, for an o u t l e t  a i r  temperature of 

The most l o g i c a l  way t o  check such an  idea  would be t o  
e x t r a p o l a t e  t h e  e f f i c i e n c y  of a s i n g l e  u n i t  a t  t hese  tempera- 
t u r e s  t o  see whether 3 o r  4 u n i t s  i n  s e r i e s  would b e t t e r  
approximate t h e  e f f i c i e n c y  of t he  p r e s e n t  system. Unfor tuna te ly ,  
no s i n g l e  c o i l s  were designed wi th  t h e  combined s u p e r i o r  
f e a t u r e s  of t h e  tandem u n i t .  However, i f  i t  may be assumed 
t h a t  s i n c e  an inc rease  of f i v e  times the Pd concenbrat ion 
on the  15 cor r . / i n ,  u n i t  lowered Tcoi 
3 vs .  4), then a t h r e e f o l d  i n c r e a s e  04 t h e  Pd concent r3 t ion  
on 20 c o r r . / i n .  u n i t  would lower t h e  Tcoil by about 25 C ,  
a comparison may be made. 

by about 40 C (Tables 

If a l l  f o u r  c o i l s  i n  t h e  t e s t e d  model a r e  func t ion ing ,o  
a 95% conversion t ak ing  p l ace  i n  t h e  long u n i t  ( T a . r  i s  415 C )  
would correspond t o  50% removal through a s i n g l e  c b i l  w i th  
the  heavy Pd loading .  However, i f  only t h r e e  c o i l s  were 
ope ra t iona l ,  bh is  would r ep resen t  GO$ removal i n  one u n i t .  
Adding t h e  25 C gent ioned above t o  b r i n g  the opera t ing  
temperature (440  C )  i n  l i n e  wi th  the  l i g h t l y  p a l l a d i z e d  
s i n g l e  c o i l  u n i t  which was t e s t e d  would r e s u l t  i n  a 59% 
removal. T h i s  value corresponds more c l o s e l y  t o  a t h r e e  
c o i l  o r  6" c a t a l y s t .  Obviously a t  lower temperatures  t h i s  
comparison would be equa l ly  v a l i d  s i n c e  t h e  f r o n t  c o i l ,  
being colder ,  could o n l y  f u n c t i o n  more poor ly .  

F u r t h e r  r e fe rence  t o  t h i s  u n i t  w i l l  b e  a s  a 6" long 
model s i n c e  t h e  proposed i n t e g r a t e d  system w i l l  employ a 
hea t  exchanger. A s  a r e s u l t ,  a more uniform temperature 
w i l l  e x i s t  within the  c a t a l y t i c  u n i t ,  e l i m i n a t i n g  r e l a t i v e l y  
i n e f f i c i e n t  a r e a s .  

DEVELOPMENT OF AN INTEGRATED SYSTEM CAPABLE 
OF HANDLING A 1 CFM THROUGHPUT 

Dimensions. - A s  p rev ious ly  mentioned, t h e  flow charac- 
t e r i s t i c s  through a 2" diameter  system a t  any given r a t e  may 
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be matched to a 1 CFM f low r a t e  through an  a p p r o p r i a t e l y  sca led-  
up c r o s s - s e c t i o n a l  a r e a .  
l a s t  s e c t i o n  running a t  0.4 SCFM c a r r i e s  0.163 SCFM/in. 
f r o n t a l  a r e a  of c a t a l y t i c  c o i l .  (For t h i s  c a l c u l a t i o n  t h e  
a r e a  of t h e  ceramic core has been s u b t r a c t e d  o u t . )  
b a s i s  t he  same curve f o r  e f f i c i e n c y  of ox ida t ion  vs .  tempera- 
t u r e  (F ig .  10) would appiy t o  a u n i t  the sam length pass ing  
1 CFM whose c r o s s - s e c t i o n a l  a r e a  was 6.14 i n . 2  Assuming tha t  
t h i s  u n i t  had the  same ceramic core a s  t h e  p re sen t  one, t h e  
new c o i l  would have to be 2.9" i n  diameter .  

The tandem system descr ibed  i 9  t h e  
of 

On t h i s  

It has a l r e a d y  been s t a t e d  t h a t  t h e  ox ida t ion  of methane 
i s  a f i r s t  order  r e a c t i o n .  A p ro j ec t ed  performance curve 
based on a c t u a l  data obtained f o r  ?he f o u r  c o i l  system i s  
presented  a s  t h e  d o t t e d  l i n e  i n  F ig .  10. It corresponds to 
a u n i t  having twice the  length of t h e  tested model. T h i s  
e x t r a p o l a t i o n  was c a r r i e d  out w i t h  t h e  idea  t h a t  running the  
r e a c t i o n  a t  a lower temperature i n  a longer  chamber might be 
b e n e f i c i a l  i n  minimizing t h e  t o t a l  system. 

Operating temperature .  - Fig .  9 i n d i c a t e s  t h e  l a r g e  amount 
of energy necessary t o  oxidize CH4 a s  opposed to C O  and H2. 
It i s  ev ident  f rom t h i s  graph t h a t  combustion of t he  l a t t e r  
gases  i s  e s s e n t i a l l y  complete a t  33% removal of CH . Although 
t h e s e  curves do not  represent  t he  b e s t  c a t a l y s t  cof i f igurat ion 
t e s t e d ,  t he  g ross  comparison does c a r r y  over.  For t h i s  reason, 
the opera t ing  temperature of t h e  c a t a l y s t  (and t h e r e f o r e  the  
weight of t h e  system) w i l l  be c o n t r o l l e d  by t h e  l i m i t a t i o n  
p laced  on t h e  al lowable concent ra t ion  of methane i n  t h e  atmos- 
phere.  Along these  l i n e s  medical r e p o r t s  i n d i c a t e  t h a t  methane 
i s  ha rmfu l  only i n  propor t ion  to i t s  exc lus ion  of oxygen from 
the body. The main problem i n  such an  enclosed volume a s  a 
space capsule  would then be i t s  explos ive  l i m i t ,  5.53%. The 
system o f fe red  here  would operate about two orders  of magnitude 
below t h a t ,  0.025% methane by volume, a l lowing a 250 ppm 
r e s i d u a l .  

The ox ida t ion  of methane i s  an  exothermic r eac t ion ,  gene ra t ing  
210.8 Kcal/g. mol .  For t h e  c a t a l y t i c  combustion u n i t  ope ra t ing  
a t  1 SCFM, c o n t i n u a l  oxidat ion of 300 pBm methane would-increase 
the a i r  temperature by approximately 10 C .  ( T h i s  f i g u r e  i s  
g iven  merely as a g u i d e l i n e . )  
p e r a t u r e  causing a r e l a t i v e l y  low percentage of methane con- 
vers ion ,  t h e  concen t r a t ion  of methane would n a t u r a l l y  i n c r e a s e  
u n t i l  even a low percentage conversion r a t e  would r e s u l t  i n  a 
reasonable  temperature increase .  T h i s  temperature inc rease  
would likewise cause a n  increase  i n  t h e  e f f i c i e n c y  of t h e  
oxida t ion ,  which i n  t u r n  would produce a f u r t h e r  temperature 
i n c r e a s e .  I n  s h o r t ,  t h e r e  would be a c e r t a i n  minimum tem- 
p e r a t u r e  a t  which t h e  c a t a l y t i c  u n i t  may b e  run a t  which t h e  

If t h e  u n i t  were run a t  a tem- 



oxida t ion  of methane i s  s e l f - s u s t a i n i n g  i n s o f a r  as al lowing 
no more than a s p e c i f i e d  r e s i d u a l  percentage of methane t o  
leave  the c a t a l y t i c  c o i l .  

Determination of t h i s  temperature w i l l  now be developed. 
The r e c i p r o c a l  of t h e  s lope  of t h e  s o l i d  curve i n  F ig .  10 
may be thought of a s  the ra te  of change of temperature  
necessary t o  i nc rease  t h e  e f f i c i e n c y  of ox ida t ion  a t  the  
p a r t i c u l a r  temperature where the s lope  i s  taken .  

S imi la r ly ,  on a p l o t  of methane ox ida t ion  vs .  tempera- 
t u r e  increase  produced by the  oxida t ion  (based on the 1 0 ° C  
rise/300 ppm) the  r e c i p r o c a l  of s l o p e s  of cons t an t  methane 
r e s i d u a l  curves would i n d i c a t e  t he  ra te  of change of tempera- 
t u r e  produced a t  a g iven  p e r  cent  conversion.  Natura l ly ,  
the  s lopes  a t  given p e r  cent  removal would vary  wi th  a l lowable  
r e s i d u a l .  

Clear ly ,  the  percentage removal a t  which the  ra te  of 
heat production exceeds the ra te  of temperature  i n c r e a s e  
necessary t o  extend the  oxida t ion  e f f i c i e n c y  es tabl ishes  the  
temperature a t  which the  c o i l  may be run t o  main ta in  a given 
r e s i d u a l .  This temperature w i l l  i n c r e a s e  w i t h  diminishing 
r e s i d u a l .  

These minimum opera t ing  temperatures  a re  c k l c u l a t e d  f o r  
a l lowable r e s i d u a l s  between 100 and 1000 ppm for both t h e  6" 
and 12" models i n  Appendix C .  The results appegr i n  F ig .  14 
The longer  c o i l  would opera te  between 20 and 4 0  C c o o l e r  t han  
the  o ther ,  depending upon a l lowable  r e s i d u a l .  

Design. - The most c r i t i c a l  p a r t  of t h i s  development i s  
the  minimization of heat l o s s  through the i n s u l a t i o n  a g a i n s t  
the weight of  i n s u l a t i o n .  An equat ion  based on a somewhat 
s i m p l i f i e d  model of t h e  proposed 1 C F M  u n i t  was developed. 
F o r  t h e  c a l c u l a t i o n  t h e  r e a c t o r  was assumed t o  be a c y l i n d e r  
(which i t  i s ) ,  but  hemispherical  ends were p laced  on it  t o  
s imula te  the p ipes  e n t e r i n g  and l eav ing  t h e  system. For  t he  
sake of symmetry i n  t h e  c a l c u l a t i o n s ,  the  heat exchanger was 
l e f t  of f  t h i s  p re l iminary  i n v e s t i g a t i o n .  The  equat ion  i t s e l f  
sums the weight of t h e  i n s u l a t i o n  as two p a r t s ,  c y l i n d e r  and 
hemisphere, p l u s  t he  power l o s s ,  a l s o  d iv ided  i n t o  two com- 
ponents and rendered i n  terms of lbs/wat t .  The equat ion  used 
i s  as  follows: 
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Ro = r ad ius  of c a t a l y s t  
L = l eng th  of c a t a l y s t  
R = ou te r  r ad ius  of i n s u l a t i o n  

AT i R / R T  
27rL k 

Min-k 1301, a Jchns-Manville product w i t h  a d e n s i t y  ( p )  
of 10 l b s  p e r  cu f t  and a thermal conduc t iv i ty  of 0.23 BTU- 
inch  p e r  hr-degree F-sq f t ,  was chosen a s  the  i n s u l a t i o n .  
The diameter of the  c a t a l y s t  was taken as  3.0" and the  func- 
t i o n  was minimized f o r  u n i t s  both 6" and 12" i n  l eng th  a t  
var ious  opera t iona 1 tempera t u r e s  corresponding t o  spec i f  i c  
methane r e s i d u a l s .  It wag found t h a t  for; opera t ing  tempera- 
t u r e s  i n  t he  range of 290 C t o  about 400 C t h a t  t h e  minimum 
combination of heat loss and i n s u l a t i o n  weight occurred i n  
t h e  v i c i n i t y  of 2" of i n s u l a t i o n  f o r  both t h e  6" and 12" ca t a -  
l y s t .  The weight heat loss combination i s  p l o t t e d  a g a i n s t  
a l lowable  methane r e s i d u a l  i n  F ig .  1.5 f o r  both 6" and 12" 
sys  tems . 

A s  would be expected, t h i s  minimum weight combination 
increased  with i n c r e a s i n g  opera t ing  temperature .  However, 
f o r  a given e f f i c i e n c y  of ope ra t ion  w i t h  r e s p e c t  t ,o  ox ida t ion  
of methane, t h e  s h o r t e r  c o i l  c o n s i s t c n t l y  produced a smaller 
weight-heat loss combination than  t h e  longer  u n i t ,  a l though 
always opera t ing  a t  a higher  temperature.  T h i s ,  of course,  
i s  due  to t h e  d i f f e rence  i n  t o t a l  su r f ace  a r e a  a v a i l a b l e  t o  
conduct heat away from the r e a c t o r .  
chosen, w i th  a reskdual  a t  250 ppm methane. 
temperature i s  350 C which corresponds t o  a 60% conversion. 
Under these condi t ions ,  carbon monoxide and hydrogen are  
e s s e n t i a l l y  completely oxi'dized s o  t h a t  the  u s e  of t he  reduced 
temperature i n  no way i n t e r f e r e s  wi th  o r  l i m i t s  t h e i r  oxida- 
t i o n .  S imi l a r ly ,  ex is tence  of 250 ppm o r  .O25$ by volume of 
methane i n  t he  a i r  p resents  no h e a l t h  hazard whatsoever. 

The 6" u n i t  was t h e r e f o r e  
The opera t ing  

A i r  P rehea ter  C o . ,  with whom we consul ted  f o r  a hea t  
exchanger f o r  t h e  above s y s t e m ,  designed a countercur ren t  
r ecupe ra to r  based on a zerooheat loss from the  exchanger and 
a n  input  temperature of 350 C .  
r e s p e c t  t o  recoverable  hea t  vs .  t o t a l  weight of exchanger. 
The phys i ca l  c h a r a c t e r i s t i c s  of t h e i r  heat  exchanger inc lude  
dimensions of 17" x 1" x illb an  e f f i c i e n c y  of 92.4$, a n  
exchange temperature of 325 C ( r e t u r n i n g  t o  the  c a t a l y t i c  
u n i t ) ,  a weight of 4.02 l b s ,  and a p res su re  drop of 0.74" 
H20 on each s ide of t he  u n i t .  

The un%k was optimized w i t h  



For our u s e  t h e  exchanger would be "folded" i n t o  t h i r d s ,  
producing a u n i t  approximately 6" x 3" x 1". 
of elbows would inc rease  the  weight t o  about 4 . 2  &bs and 
produce a t o t a l  p re s su re  drop of 1.6" H,O. 
make-up heat t o  the c a t a l y s t  i s  14.7 w a t t s  o r  4 .4  l b s .  

The a d d i t i o n  

The corresponding 

The t w o  major p a r t s  of t he  system, heat exchanger and 
c a t a l y s t  now have t h e  same l eng th  (6")  and t h e  same w i d t h  
( 3 " ) .  Placing them s i d e  by s i d e  and wi th  t h e i r  long axes 
p a r a l l e l  and packing wi th  the same 2" of i n s u l a t i o n  would 
produce a geometry shown f r o m  s e v e r a l  ang le s  i n  F ig .  16. 
The hea t  l o s s  f o r  t h i s  combination would then  be about t h e  
same as  f o r  t h e  o r i g i n a l  s i m p l i f i e d  case  ( s i n c e  the  i n s u l a -  
t i o n  i s  t h e  same t h i c k n e s s ) .  
t i o n  i s  given by t h e  increased  volume of i n s u l a t i o n  eces sa ry  
t o  cover t h  5 system. 
t o  0.209 f t  prev ious ly .  For Min-k 1301, t h i s  corresponds t o  
a weight increase  o f  0.78 l b s .  Thus, f o r  a n  a l lowable  r e s i d u a l  
of 250 ppm methane t h e  i n s u l a t i o n  weight-heat loss combination 
would be  9.52 l b s .  

The new weight O f  t h e  combina- 
9 This  c a l c u l a t e s  t o  be 0.287 f t  as opposed 

The weight of t h e  c a t a l y t i c  u n i t  i t s e l f ,  6" long and 
3" i n  diameter,  inc luding  t h e  ceramic core,  t h e  se l f - con ta ined  
h e a t e r  and a 16-gage s t a i n l e s s  s t e e l  c o n t a i n e r  f o r  t h e  u n i t  
would be approximately 2 l b s .  Based on t h e  expected r a t e  
of methane production i n  terms of maximum heat which riii2ht 
be generated wi th in  the  c a t a l y s t ,  t h e  proposed reduced t e m -  
p e r a t u r e  a t  which the  u n i t  would run and t h e  a b i l i t y  of t h i s  
c a t a l y t i c  u n i t  t o  withstand high temperatures ,  t he  u s e  of an  
e l e c t r i c  con t ro l  t o  r e g u l a t e  t h e  power inpu t  t o  the  system 
seems unwarranted. Exclusion of such a device would e l i m i n a t e  
a p o s s i b l e  malfunction and a l s o  save weight.  

The pressure  drop a c r o s s  t h e  e n t i r e  system inc luding  
c a t a l y t i c  c o i l  and h e a t  exchanger w i l l  be about 2.0" H20 a t  
opera t ing  temperature.  This  corresponds t o  a weight p e n a l t y  
of 0.35 l b s .  

The frame f o r  t he  system made of 20 gage s t a i n l e s s  s t e e l  
and based upon t h e  su r face  c rea t ed  by p l ac ing  2" i n s u l a s i o n  
around the heat exchanger c a t a l y s t  combination (2.61 f t  ) would 
weigh 4 . 1  l b s .  I n  all, t he  system proposed would weigh 24.68 
l b s  (see Table 1 2  for t abu la t ed  breakdown) and have dimensions 
of 13" x 7" x 8" (see F ig .  16 f o r  a more complete d e s c r i p t i o n  
of t h e  geometry). 

CONCLUSIONS 

1. The use of a c t i v e  Pd g r e a t l y  enhances the  opera t ing  
cond i t ions  of t h e  c o i l s  i n  t he  removal of CO,  H2 and C H 4 .  
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2. The su r face  concent ra t ion  of the Pd i s  s i m i l a r l y  
important .  

3 .  

4. 

Active P t  while q u i t e  e f f e c t i v e  on H2 ox ida t ion  was 

The use of  smaller openings i n  t h e  s t r a igh t - th rough  

found s i g n i f i c a n t l y  i n f e r i o r  t o  Pd i n  removing CH4.  

channels was b e n e f i c i a l  i n  reducing t h e  opera t ing  temperature 
of t h e  system, 

5. The oxida t ion  of CH4 was f i r s t  o rde r .  
fo re  p o s s i b l e  t o  e x t r a p o l a t e  t h e  e f f e c t i v e n e s s  of a longer  
u n i t  f rom the  performance o f  a smaller model. 

removes s u b s t a n t i a l l y  a l l  the CO and H2 while leav ing  a 
r e s i d u a l  of no more than 250 ppm CH4 i n  t h e  atmosphere. 

It was t h e r e -  

6 .  A u n i t  may b e  b u i l t  weighing under 25 l b s  which 

RECOMMENDATIONS 

I n  view of the r e su l t s  obtained under t h i s  con t r ac t ,  i t  
i s  suggested tha t  a prototype of t he  i n t e g r a t e d  device,  inc luding  
h e a t  exchanger, be  assembled and t e s t e d  by Pro to tech  Company. 

Pi-ototech Company 
Div- l s ion  of Bolt Beranek and Newman. I n c  
Cambr'dge Myssachusetts.  J u n e  30 l q r 7  



APPENDIX A 

Determination of Ac t iva t ion  Energ ies  

I n  order t o  determine t h e  a c t i v a t i o n  energy, t h e  Arrhenius 
equat ion  was assumed to be v a l i d  for the  system under inves-  
t i g a t  i o n  : 

I n  k = - Ea -I- I n  A 
- 
RT 

k = r eac t ion  cons t .  
Ea= a c t i v a t i o n  energy 

I n  A = constant  of i n t e g r a t i o n  

A s  can b e  noted i n  t h e  above, i f  a r e a c t i o n  cons t an t  can 
be measured and a p l o t  of I n  k vs .  t h e  r e c i p r o c a l  of the  reac-  
t i o n  temperature constructed,  one should ob ta in  a s t r a i g h t  
l i n e ,  t h e  s lope of which w i l l  be r e l a t e d  to t h e  energy of 
a c t i v a t i o n  of t h e  r e a c t i o n  ( 2 ) .  

p e r a t u r e  was co r rec t ed  t o  correspond t o  a i r  temperature i n  
t h e  r e a c t o r .  Then from the  known volume of t h e  c a t a l y s t ,  a 
con tac t  t i m e  or r e a c t i o n  time was c a l c u l a t e d .  Assuming f i r s t  
order  r eac t ion  k i n e t i c s  and u t i l i z i n g  data on p e r  cen t  reac-  
t a n t  remaining, r e a c t i o n  cons t an t s  a t  var ious  c a t a l y s t  c o i l  
temperatures were c a l c u l a t e d .  
r e s u l t s  i n  a s t r a i g h t  l i n e ,  t h i s  e s t a b l i s h e s  the  assumption 
of f i rs t  order  r e a c t i o n  k i n e t i c s .  

The volume p e r  minute flow of r e a c t a n t  gas  a t  room tem- 

If a p l o t  of I n  k vs .  1/T 

F i g s ,  11 and 12 show sample curves f o r  a c t i v a t i o n  energy 
of C O  and H oxida t ion  through the  9.5 cor r . / in .  u n i t  w i t h  
1 . 2  mg/in. $ 1  d app l i ed  t o  t h e  a s b e s t o s .  Both of these reac-  
t i o n s  were found t o  be f i r s t  order .  S imi la r  c a l c u l a t i o n s  
on H2 d i sc losed  i t s  o rde r  t o  be somewhere between f i r s t  and 
second. 
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APPENDIX B 

Ex t rapo la t ion  of C a t a l y s t  Length 

The i n t e r p r e t a t i o n  of a first order  r e a c t i o n  i s  t h a t  
f o r  a given temperature,  f l o w  rate and con tac t  t imes a q e c i -  
f i c  percentage of t h e  gas  w i l l  be oxidized r e g a r d l e s s  of con- 
c e n t r a t i o n .  Once a r e a c t i o n  has been ca tegor ized  a s  f i r s t  
order ,  t h e  e f f e c t i v e n e s s  on t h e  r e a c t a n t  of a longer  c a t a l y s t  
l e n g t h  ( g r e a t e r  con tac t  time) i s  e a s i l y  c a l c u l a t e d .  If  a given 
l e n g t h  of c a t a l y s t  w i l l  convert  X per cen t  of a substance,  then  
a n  equal  l eng th  of c a t a l y s t  p laced  behind t h e  f i r s t  w i l l  convert  
a n  equal  p e r  cent  of what remains f o r  an o v e r a l l  d e s t r u c t i o n  
of X + X(lO0-X) per  cent .  For - n u n i t s  p laced  i n  series, t h e  
p e r  c e n t  removal becomes 

n-1 

k=O 
c X(loo-X)k 

Table 8 demonstrates t h e  u se fu lness  of 2, 3 and 4 c o i l s  
i n  s e r i e s ,  based on the achievement of a s i n g l e  u n i t .  Applying 
t h i s  t o  a s p e c i f i c  curve of ox ida t ion  e f f i c i e n c y  vs .  c o i l  
temperature enables  one t o  determine e i the r  t h e  increased  e f f i -  
c iency  of a longer  u n i t  a t  t h a t  temperature o r  t h e  lower t e m -  
p e r a t u r e  a t  which the longer u n i t  would accomplish t h e  same 
task. 



APPENDIX C 

Method fcy Obtajn ne Des-ign 

Rather than  become involved i n  a se r ies  of g r a p h i c a l  
d i f f e r e n t i a t i o n s  of t h e  curves of e f f i c i e n c y  of oxida t ion  
vs .  temperature and e f f i c i e n c y  vs .  temperature  inc rease  a t  
va r i ed  r e s i d u a l  ou tputs  t o  ob ta in  t h e  minimum opera t ing  ten- 
pe ra tu res ,  another  approach i s  taken .  F i g .  13 i s  a graph of 
percentage removal vs .  ppm input  of methane. Lines  of con- 
s t a n t  methane r e s i d u a l  appear  on the  graph, i n d i c a t i n g  t h e  
e x t e n t  t o  which oxida t ion  must occur for a g iven  i n p u t .  These 
a r e  crossed w i t h  l i n e s  of cons tan t  en tha lpy  produced by t h e  
oxida t ion  expressed i n  terms of corresponding temperature 
r i s e  of a i r .  It should be noted t h a t  t h i s  i s  a completely 
g e n e r a l  graph and i s  independent of flow r a t e s .  

The po in t s  of i n t e r e s t  on t h i s  p l o t  appear  where the  
temperature l i n e s  c ros s  a given r e s i d u a l  curve.  Thus, i t  
can be 8een f o r  100 ppm r e s i d u a l  a t  a 76% conversion there 
i s  a 10 
a n  inc rease  o f  20 . T h i s  i s  e s s e n t i a l l y  saying t h a t  a 76% 
conversion of 400 ppm coHld be accomplished i f  t h e  tempera- 
t u r e  of t he  c o i l  were 10 coo le r  and a n  85% conversion of 
720 ppm would t ake  p lace  even i f  t he  c o i l  were 20' coo le r .  

r i s e  i n  bemperature, and a n  85% conversion produces 

Returning t o  F ig .  10, the  performance curve for t h e  
f o u r  c o i l s  i n  s e r i e s ,  one can ob ta in  c o i l  temperatures  cor-  
responding t o  t h e  above s p e c i f i e d  conversion percentages and 
by simple s u b t r a c t i o n  ob ta in  the  "reduced temperature" a t  
which the  c o i l  could be operated.  T h i s  so -ca l l ed  "reduced 
temperature" i s  a func t ion  of i npu t  concen t r a t ion  s o  t h a t  i t  
must be maximized f o r  a given r e s i d u a l  i n  order  f o r  t he  system 
t o  func t ion  properly r ega rd le s s  of i n p u t .  T a b l e s  10 and 11 
maximize t h e  reduced temperature for var ious  r e s i d u a l  ou tputs  
from 100 t o  1000 pprn f o r  both the  experimental  and ex t r apo la t ed  
c o i l  by using t h e  s u b t r a c t i o n  method. F ig .  14 shows t h e  
necessary  reduced temperature as a f u n c t i o n  of r e s i d u a l  for 
both c o i l s .  
temperature between 20 and 4 0  C c o o l e r  t han  the  o ther ,  
depending upon t h e  al lowable r e s i d u a l .  

The longeg c o i l  m8y b e  adequate ly  operated a t  a 

T h i s  method may be tes ted  i n  t he  fol lowing manner: 

1. A r b i t r a r i l y  p i c k  a r e s i d u a l  concen t r a t ion  (100-1000 
ppm) f o r  e i t h e r  c o i l  (6" or 12") 

2 .  

20 

Find t h e  corresponding Treduced on F ig .  14 



3 .  

4.  

5. 

6. 

7 .  

8 .  

9. 

10. 

Find t h e  p e r  cent  conversion a t  Treduced on F ig .  
10 (us ing  t h e  proper curve)  

A r b i t r a r i l y  s e l e c t  a n  i n p u t  

Cross (3) with ( 4 )  i n  F ig .  1.3 

By i n t e r p o l a t i o n  f i n d  t h e  temperature inc rease  
caused by t h e  r e a c t i o n  a t  t h i s  point 

Add (6)  t o  (2 )  

Find new p e r  cent conversion corresponding t o  
(7)  on F ig .  10 

Cross (8) wi th  ( 4 )  on F ig .  13 

If t h i s  f irst  incremental  temperature change has 
not placed you above the appropr i a t e  r e s i d u a l  
curve, r epea t  ('-b)through ( 9 ) .  

21 
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Table 1 

I n t e r n a l  C h a r a c t e r i s t i c s  of Co i l  

$Cross- Exposed 
Corr. Asbestos No. of Sec t ion  Ra t io  a r e a  05 

Corr ./inch Amplitude -- Thickness Layers Open v e l .  C a t . ( i n  ) 

(1) 9.5 40 m i l  25 m i l  9 64.5 1.83 160 

( 2 )  15 34 m i l  17 m i l  11 56.7 1.76 210 

(3) 20 21.5 m i l  17 mil 15 47.7 2.10 280 

2 T o t a l  c r o s s - s e c t i o n a l  area:  2.87 i n  

Area of core:  0.42 i n  2 

23 



Flow. CFM 
2 Pd a t  1 . 2  mg/in 

20 corr . / in .  

0.11 

0 .22  

0.33 

2 Pd a t  6.0 mg/in 
15 co r r . / i n .  

0.11 

0 .22  

0.33 

2 Pd a t  1.2 mg/in 
15 corr. / in.  

0.11 

0.22 

0.33 

Pd a t  1 . 2  mg/in2 
9 .5  corr. / in.  

0.11 

0.22 

0.33 

24 

CH4 Removal 

Table 2 

% Conversion 

- 60 - 70 
Ta i r  T c o i l  T a i r  T c o i l  

- 

323 
- 

4 03 
- 
- 

350 

4 25 

4 20 

406 

420 

456 

442 

443 
- 

450 
- 

- 

468 

4 70 

467 

5 24 

54 6 

564 

310 450 

338 455 

364 440 

T a b l e  3 

408 460 

380 430 

396 445 

T a b l e  4 

360 487 

433 484 

440 488 

Table 5 

80 - 
Tai.r T c o i l  

340 465 

360 484 

380 462 

422 480 

410 465 

424 480 

380 517 

448  504 

468 522 

430 566 

466 600 

488 612 

- 90 
T a i r  T o o i l  

375 500 

400 530 

416 512 

450 526 

470 540 

470 550 

415 568 

480 550 

522 595 

447 610 
- - 

- - 



Flow, CFM 
Pd a t  1.2 mg/in 2 
15 c o r r . / i n .  

0.11 

0.22 

0.33 

Pd a t  1 .2  rng/in’ 
0.5 c o r r . / i n .  

0.11 

0.22 

0.33 

C O  Removal 

Table 6 

$ Conversion 

T a i r  T c o i l  T a i r  Tcoil T a i r  T c o i l  T a i r  Tc o i l  
- 70 8 0  - - 90 60 - 

159 195 

187 203 

182 214 

161 198 

191 212 

188 218 

Table 7 

170 204 173 210 

212 252 219 260 

- - 228 260 

164 206 172 224 

200 224 216 244 

200 225 222 246 

177 220 185 234 

230 272 250 292 

246 276 274 306 

25 



% Removal 
b y  1 u n i t  

30 

40 

50 

60 

70 
80 

26 

L 

Tab le  8 

P e r  Cent Removal vs Ca ta lys t  Length 

by 2 units by 3 u n i t s  by 4 u n i t s  

51 66 76 

64 78 87 

75 87.5 94 

84 94 98 

91 97 99 

96 99 - 



Table 9 

Precious Metal C a t a l y s t  
E f f i c i ency  of Unit ( a t  9.5 corr . / inch)  Without 

Flow 
Gas (CFM) T a i r  T c o i l  

co 0.22 245 * 
co 0.22 365 * 
co 0.22 440 * 
H2 (5000 PPd** 0.22 440 460 

H2 (5000 PPd** 0.22 470 508 

H2 (5000 P P 4 * *  0.22 560 626 

CH4 0.22 570 6 24 

$ 
Removal 

20 

67 

88 

70 

80 

96 

29 

* No thermocouples welded t o  metal  during t h i s  s e r i e s .  

**Concentration of H2 i s  recorded s ince  i t  i s  not  a f i r s t  order  
r eac t ion ,  s o  t h a t  t h e  ex ten t  of ox ida t ion  depends on concent ra t ion .  

27 



Table 10 

Determination of Treduced v s .  Residual  Methane for 6" Unit  

100 ppm 
Residua 1 

300 ppm 
Residual  

500 ppm 
Residual  

1000 ppm 
Re s idua 1 

% 

75.7 
82 .O 
86 .O 
88.5 
90.2 
92.2 

60 .O 
66.8 
71.4 
75.2 
80.3 
83.6 

47.6 
54.8 
60.4 
64.8 
71.5 
76 .O 

31.8 
38 .o 
43 .o 
47.8 
55.0 
60.3 

C onve rs ion  

*Indicated Maximum Treduced 

28 

Tc onvers i o n  
( O C )  

372 
383 
391 
397 
400 
406 

351 

379 
386 

339 
345 
351 
355 
365 
372 

323 
330 
335 
339 
346 
351 

ATenghalpy 

10 
15 
20 
25 
30 
40 

15 
20 
25 
30 
40 
50 

15 
20 
25 
30 
40 
50 

15 
20 
25 
30 
40 
50 

( c )  
T r e  $u c e d 

( c )  - 
362 
358 
371 
372* 
370 
366 

336 
339 
340 
341* 
339 
336 

3 24 
325 
326* 
325 
328 
322 

308 
310 
310* 
309 
306 
299 

3 
0 
iE 
1 
8 
8 
1 

1 
1 
I 
1 
1 
1 
I 
3 
1 



I 
I 
I 
I 
I 
1 
I 
1 
I 

'I 
I 
1 
'I 
I 
I 
I 
I 
I 

,I I 

Table 11 

Determination of Treduced v s ,  Residual  Methane for 12"  Unit  

ATenghalpy T re$ced 
( c )  ( c )  % 

- -  C onvers i o n  

100 ppm 
Res idua l  

300 ppm 
Res idua l  

75.7 
82.0 
86.0 
88.5 
90.2 
92.2 

60.0 
66.8 
71.4 
75.2 
80.3 
83.6 

500 PPm 47.6 
R e  s idua  1 54.8 

60.4 
64.8 
71.5 
76.0 

1000 ppm 31.8 
Res idua l  38.0 

43 .O 
47.8 
55.0 
60.3 

341 
349 
354 
358 
361 
365 

329 
334 
340 
343 
346 
358 

320 
326 
329 
332 
338 
341 
- - 
318 
321 
326 
329 

10 
15 
20 
25 
30 
4 0  

15 
20 
25 
30 
40  
50 

15 
20 
25 
30 
4 0  
50 

15 
20 
25 
30 
4 0  
50 

* Ind ica t ed  maximum Treduced 

331 
334 
334* 
333 
331 
325 

314 
314 
315* 
313 
306 
308 

305 
306* 
304 
302 
298 
291 
- 
- 
293* 
291 
286 
279 



Table 12  

1. 

2. 

3. 

4 .  

5. 
6.  

7. 

Breakdown of Weight f o r  Proposed A i r  P u r i f i c a t i o n  System 

C a t a l y s t  - inc luding  hea te r ,  core and c o n t a i n e r  

I n s u l a t i o n  -- - (Min-k 1301) 

Heat loss through i n s u l a t i o n  

Heat exchanger weight 

Heat loss through exchanger 

Pressure  drop through system (2" H 2 0 )  

Frame (20  gage s t a i n l e s s  s t e e l )  

T o t a l  Weight 

2 .1  l b s .  

2.87 l b s .  

6.64 lbs. 

4.20 l b s .  

4 .4  l b s .  

0.35 I b s .  

4.12 l b s .  

24.68 l b s .  

I 
I 

I 
1 
I 
8 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 

& 

a 
+ 
U 
W 
11 
a 
a 
v) 
0 
I- cn 
W 

cn 
m 

I a I J w 

W 
a 
3 
- 

a 
a 

Y 
0 

W 

- 

0 
0 

I- 

7 
3 

- 

0 

I- 
>- 
4 

I- 

0 

- 

a 
a 

n 
0, c 
-0 c 
.- 

CI c 
Q) 

(ICI 
+ 
e 
Y 



fA 

32 

w 

3 
I- 

m 

7 
0 - 
I- o 
a 
w 
m 
o 
I- 
t. 
A 

t- 

o 

- 
a 
a 

LL 

I 
I 
I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 



I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 

€ 

S 
\ 

L 
L 
0 
u 
0 
cv 

.- - - 



34 
lVAOVU3tf O/o 

3 > 

> > 
3 

3 n n 

3 
3 
n 

3 n 
6 

0 
0 
Q, 

0 
In 
M 

0 
0 
M 

I 
1 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 



a 
a - 

0 e 
35 



0 
CD 

0 
In 

0 
d 

3 
3 
0 

3 
3 
D 

3 
n 
n 

0 
0 
In 

0 m 
t 

0 
0 e 

0 
In 
m 

0 
0 
m 

~ 

I 
1 

I 
I 

I 



~I 
‘ I  
1 

I 

0 

-4 
U I 
a. 
I 

L 
L 
0 

0 
6, 

0 
OD 

0 
In 

0 

37 

9 n 
9 

0 
0 
W 

0 
In 
In 

0 
0 
In 

0 
In * 

0 
0 
t 

0 
0 
m 

0 
0 
m 



N 

c 
\ 
m 
.- 
E 

0 
Q) 

38 

0 
Ln 
(D 

0 

- I -  ~a 

a 
0 
2 v 

aer 
[r 

o 
w 

c3 - 
LL 

0 
0 
t 

I 
I 
I 
I 
1 
I 
1 
1 
I 
I 
I 

1 
I 
I 
I 
I 
II 
I 

a 



0 
0 

L 

t 

0 
t 

39 

3 

9 
n 

3 
3 
0 



40 

3 

D 
n 

3 
3 
9 

3 
0 
0 

0 
0 
In 

0 
In 
e 

0 
0 
d 

0 
In m 

0 
0 m 



I 
8 
I 
I 
1 
I 
1 
8 
I 
I 
I 
1 
I 
I 
I 
1 
I 
1 
1 

L 

- 

Q 

\ 
a 

Y 
o t 

0 In 
(D 

0 
0 
W 

0 
In 
In 

0 
5: 

0 
In * 

0 
0 
e 

0 
In 
rc) 

M 

41 

- 
0 
0 
u 

w 
E 
3 
t- 

cr 
W 
CL 
2 
W 
I- 

a 



N 

.- & \  

K 0 

0 
In 

1 
1 
E 
I 
I 



0 cn 

43 

0 m a 

0 
0 
rD 

0 
In 
In 

0 
0 
In 

3 n 
d 

3 
3 
3- 

3 
D 
r) 

> > 
7 



\ 

\ -J. 
t .- 
1 
CT 

E 
N-  

r-+ 

U 
Q 

I . 
I= .- . 
L 
I 
0 
u 

E- 

a 
- 

0 
a3 0 

m 

44 

I 
I 



i 
I 
I 

I 
I 

e 

I 

a. 
c 
1 
m 
.- 
E 
cv 

a. 
c 
1 
m 
.- 
E 
cv 

I:- 

0 

0 0 0 
t- (0 rc) 

lQAOVV3tl  O/o 
45 

3 
n 
Q 

3 
3 
Q 

3 
n 
0 

3 
3 
8 

3 
0 
N 

3 
3 
N 

O 

- 
0 
0 
Y 

W 
U 
3 
I- 

W a 
W 
k 

a a 

2 

L 



z 
I& 

0 0 

0 
0 

0 
r, 
c 

0 
0 

1- 
b 



0 
m 0 m 0 

-3 

47 

0 
m 
d- 

0 
0 
d- 

0 
m 
ro 

0 
0 
ro 

0 
m 
N 

0 
0 
N 

0 
In - 

3 
3 - 

3 
LL 
0 

M 
M 
0 

t- a 

a 

2 

-.I 

> 
0 

W 
E 

0 
0 

0 
h 

c) 

LL 

. 
- 



0 0 
0 Q, 

48 

0 
d) 

0 * 0 m 



3 

0 
cn 

0 
ro 

0 
0 e 

0 
10 
ro 

0 
0 
M 

0 
ro 
N 

0 
0 
N 

0 

0 * 

49 

c 

V 
0 
U 

W 

3 
I- a 
cr 
w a 
2 
w 
I- 



3 0 
0 

M 
m 
0 

0 

c 

o w 0  

0 
00 

c3 

r\l 

LL 

0 
In - 



0 
6, 

0 
In 

r 
LL 
0 
v, 

N 
N 

0 

0 
0 
In 

0 
10 
U 

0 
0 
d 

0 
In 
rr) 

0 
0 
rr) 

0 
10 
N 

0 s 

0 
10 - 



\ 
\ 
\ 

b 
\ 
b 
\ 

0 0 
0 0 - 

52 

E * C  .- - -J . -  

0 
OD 

0 
kn 

0 e 



k 

2 .o 

1.0 
9 
8 .  
7 
6 ,  

5 .  

4 .  

3 

2 .  

0. I 
9 
8 

7 .  

6 .  

5 .  

4 .  

3 

2 

0.01 

F I G .  11 

I 

E =10.7 k c a l / m o l  a 

1.8 

1 IT x io3 ( O K - ' )  

2.0 2.2 

D E T E R M I N A T I O N  OF A C T I V A T I O N  E N E R G Y  O F  C O  I N  
S Y T E M  W I T H  P d  AT 1.2 M G / I N 2  t 9.5 C O R R / I N C H  

53 



k 

1.0 

E 

E 

l 

f 

! 

L 

< 

i 

0 
3 1.1  

I 

1.3 

F I G . 1 2  D E T E R M I N A T I O N  OF A C T I V A T I O N  E N E R G Y  O F  CH, IN  
S Y S T E M  W I T H  P d  A T  1.2 M G / I N . *  4- 9.5 C O R R / I N .  

54 

1 
I 
I 
I 
I 
I 
8 
I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
8 



0 0 
In * m 
l V A O W 3 k i  lN33ki3d 55 

8 
0” 0 
0 

c 

O 

D 

t 

W z a r 

J 



30C 

IO( 

FIG.14 I N S U L A T I O N - H E A T  L O S S  
VS A L L O W A B L E  R E S I D U A L  
( S I M P L I F I E D  S Y S T E M )  

Ex p e r  i m e n  t a l  
6" C i l 

E x t r a p o l a t e d  
1 2 "  C o i l  

A11 P o i n t s  C a l c u l a t e d  With r 2 " m i n - k -  1 3 0 1  I n s u l a t i o n  

~ 10 I1 12 i 
CATALYST INSULATION PLUS HEAT LOSS EXPRESSED IN LBS 
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